High fidelity, polarised, optical phase conjugation via stimulated Brillouin scattering of CW laser radiation in a multimode silica fibre is reported. A power threshold of ; 70 mW and reflectivity of 70% were obtained in a 4.23 km length of fibre with a Nd:YAG laser. q
w x
It has been known since the 1970's 1 that stimulated Ž . Brillouin scattering SBS through its self phase conjugate Ž . SPC properties, provides an effective means for compensating for both static and transient phase front distortions w x of laser radiation 2,3 . Such distortion occurs in the laser Ž . itself in the active medium or cavity elements or in external optical components through which the radiation passes, resulting in dramatic increase of the radiation beam divergence. SPC via SBS has been shown to be most effective in compensating for such distortions to obtain diffraction limited beam quality for pulsed lasers with up w x to ; 6 kJ of output energy 4,5 and in repetitively pulsed w x operation, up to an average power in the kW range 6 . Its application to CW laser radiation using conventional beam focussing in bulk media, and also light pipe configurations, is not however possible since the threshold pump intensity for SBS is beyond that achievable with the usual powers from CW laser sources. By contrast optical fibre, through its capability of constraining radiation over long interaction length, has been shown to dramatically reduce the SBS threshold and there are now many reports on the generation of SBS in single mode fibre using CW pumping w x 7 . Extension of this to multimode fibre opens up the possibility of realising SPC via SBS of CW laser radiation offering an attractive approach for generating diffraction limited CW outputs based on rugged and inexpensive state of the art solid state technology. Up to now the SPC effect in optical fibre has been realised in pulsed and in repetiw x tively pulsed regimes of laser operation 8-10 . The auw x thors are however aware of earlier work by Lim 11 using high mode fibre pumped by a CW argon ion laser, though the phase conjugate properties of the reflected radiation were not adequately tested, and the unpublished work of w x Roh and co-workers 12 demonstrating the effect in few mode fibre also pumped by an argon ion laser. In both these works the near-field patterns were registered only. In this paper we report the first adequate observation and characterisation of high fidelity SPC via SBS of CW radiation in multimode silica fibre.
The experimental arrangement is shown in Fig. 1 . A single longitudinal and fundamental transverse mode CW Nd:YAG laser with a short-term spectral bandwidth of w x ; 40 kHz and a variable output power of 0-3 W 13 was used as the pump source. The output from the laser was launched into the optical fibre via a 5 = microscope lens. The fibre length L was 4.23 km and of sufficient length to allow investigation of SPC over a wide range of pump powers. The fibre was of corercladding diameters 50r125 Ž . mm ; 400 modes and had a numerical aperture 0.2 and Ž y1 . an attenuation of ; 1 dBrkm a s 0.23 km . Both the entrance and exit faces of the fibre were cleaved perpendicular to the fibre axis. Losses of the input radiation were measured to be ; 10% from surface reflection from the lens, ; 8% from aperturing by the lens and ; 3.5% from Ž . the fibre entrance and exit face. A Faraday isolator was used to prevent feedback to the laser. A beamsplitter sampled the pump and counter-propagating SBS signals. The input, transmitted and reflected powers were measured Ž . using power meters Coherent 210 and Newport 815 and Ž . a CCD camera COHU 4710 connected to a TV monitor and a LeCroy 9354L digital oscilloscope were used to measure the far-field intensity distributions of the fields. w x The autocalibration ''wedge'' technique 14 with attenuation ; 2 from point to point was used to widen the dynamical range of the registration system. A''phase plate'' made of a thin microscope glass plate, etched in HF acid, was placed between the beamsplitter and lens to test for the phase conjugation properties of back-reflected radiation. A removable back-reflecting flat mirror was placed in front or after the phase plate to register the far field intensity distribution of the original laser radiation, that double-passed through the phase plate, and to determine the absolute value of the SBS power reflectivity. The polarisation of the input, reflected and transmitted radiation was investigated using a Glan-prism.
The measured dependencies of transmitted power and Ž . reflectivity on the input power all in the fibre are presented in Fig. 2 . The reflectivity was calculated as the ratio of the signal powers recorded by DS and DS respec- 1 3 Ž . tively see Fig. 1 . Their outputs were mutually calibrated using the 100% mirror M, placed in the beam in the absence of the phase plate. Radiation reflection losses from lens L and the fiber entrance surface were accounted for. 1 An SBS threshold power P of ; 70 mW was meath sured. From this we estimate the threshold incremental gain G s gP L rS in our experiment to be ; 2.5, th th ef y11 w x taking the SBS gain factor g , 2.5 = 10 mrW 15,16 , Ž a L . the effective length of interaction, L s 1 y e ra , 3 ef Ž . km and the fibre core area core diameter ; 50 mm S , 2 = 10 y9 m 2 . This value is ; 10 times lower than that for bulk media due to, the cavity effect of the fibre w x 16,17 , the difference of the SBS incremental gains in the spatially averaged and the correlated multi-mode pump w x and Stokes fields 3 and the increase of the effective power of spontaneous Brillouin scattering in optical fibers w x 15 .
As seen from Fig. 2 , the power reflectivity attains a saturated level of ; 65-70% for a pump power of 250 mW, 3.5 times above threshold, and for a pump power greater than 500 mW tends to decrease. We find this ( )behaviour to be specific to multi mode fiber since in single mode fiber the SBS saturates to a constant value. Fig. 3 shows typical recordings of far-field patterns of Ž . Ž . the incident signal a , SBS signal without phase plate b , Ž . SBS signal with phase plate c , and the back-reflected Ž . Ž . signal by the flat mirror with phase plate d . Phase Ž . Ž . conjugation is quite evident in recordings b and c . To quantify this data the signal from the CCD camera was digitised using a LeCroy oscilloscope. The digitised traces Ž . across the centre of the spots in Fig. 3 a-c are shown in Ž . Ž . Fig. 4 a-c respectively. Comparison of traces 4 a-c shows that the original far field distribution of the incident radiation is reproduced in the SBS radiation with excellent accuracy until the intensity drop to ; 1r50 of its maximum independent of pump power. In spite of the evident compensation of phase plate induced distortion, some broadening of the far field distribution of the SBS is seen Ž . Ž . in Figs. 3 c and 4 c plate. The effect is attributed to aperture losses in coupling of the input radiation from the Ž Ž. . w x phase plate see Fig. 3 d into the fibre 18 .
The radiation transmitted through the fibre was totally depolarised. However, by contrast, the polarisation of the SBS reflected radiation was linearly polarised, consistent w x with the observations of Eichler 10 for pulsed excitation, though with the polarisation vector turned by 0 to "188 from that of the pump, monitored in back-reflection from Ž . the removable mirror see Fig. 5 . This effect and the SBS efficiency were found to be independent of the orientation of the polarisation vector of the input radiation, which was rotated with the help of a lr2 plate to be perpendicular, parallel or tilted at any angle to the plane of the experimental system.
We finally note that SPC in our configuration takes place for ''smooth'' phase front distortions since it was found that the waists of the incident and the backscattered radiation were located further and closer to the focal plane of the lens respectively. From measuring the absolute Ž . In summary, we have reported the observation and characterisation of high fidelity SPC via SBS of CW Ž . ( )radiation from a Nd:YAG laser in multimode silica fibre. A power threshold of ; 70 mW and a maximum power reflectivity of 70% was obtained in a fibre of length 4.23 km. We note scaling to shorter fiber length should not w x reduce the fidelity of the phase conjugation 10 though will increase the SBS threshold power.
